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Abstract This study was aimed to determine the
patterns as well as the effects of biological, anthro-
pogenic, and climatic factors on plant invasions in
China. About 270 volumes of national and regional
floras were employed to compile a naturalized flora
of China. Habit, life form, origin, distribution, and
uses of naturalized plants were also analyzed to
determine patterns on invasion. Correlations between
biological, anthropogenic and climatic parameters
were estimated at province and regional scales.
Naturalized species represent 1% of the flora of
China. Asteraceae, Fabaceae, and Poaceae are the
dominant families, but Euphorbiaceae and Cactaceae
have the largest ratios of naturalized species to their
global numbers. Oenothera, Euphorbia, and Crota-
laria were the dominant genera. Around 50% of
exotic species were introduced intentionally for
medicinal purposes. Most of the naturalized species
originated in tropical America, followed by Asia and
Europe. Number of naturalized species was signifi-
cantly correlated to the number of native species/log
area. The intensity of plant invasion showed a pattern
along climate zones from mesic to xeric, declining
with decreasing temperature and precipitation across
the nation. Anthropogenic factor, such as distance of
transportation, was significantly correlated to plant
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invasions at a regional scale. Although anthropogenic
factors were largely responsible for creating oppor-
tunities for exotic species to spread and establish, the
local biodiversity and climate factors were the major
factors shaping the pattern of plant invasions in
China. The warm regions, which are the hot spots of
local biodiversity, and relatively developed areas of
China, furthermore, require immediate attentions.
Keywords Anthropogenic factor 
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Introduction
Plant invasions, accelerated and aggravated by inter-
national trade and tourism, especially in developing
countries (Levin and D’Antonio 2003; Ruiz and
Carlton 2003; Valladares-Padua 2006), have been
considered to be one of the most important environ-
mental issues of our time. Unfortunately, reports and
studies on plant invasions are anecdotal or local in
purview. China, the largest country in Asia and one of
the most important industrial countries in the world,
has been experiencing booming economic and domes-
tic development in recent decades (Ding et al. 2008;
Weber and Li 2008a, b). Although recent attention has
been paid to the pattern of plant invasion in China,
figures for less familiar invasive plants in China,
compiled from the literature, number only 1–200 (Liu
et al. 2006; Ding et al. 2008; Weber and Li 2008a, b).
Compared to the area and diversity of habitats in
China, these are not significant numbers. The knowl-
edge of plant invasions and potential invaders is
limited and far behind studies in neighboring areas
such as Singapore (Corlett 1988), Japan (Enomoto
1999), Korea (Koh et al. 2000), and Taiwan (Wu et al.
2003; Wu et al. 2004a, b).
Datasets that present floristic status, biological
attributes, geographical distribution, and usage infor-
mation on exotic species have been shown to be very
effective tools for discerning patterns of plant inva-
sions and species invasiveness (Rejma´nek and Rich-
ardson 1996; Daehler 2001; Pysˇek et al. 2002; Lake
and Leishman 2004; Pysˇek et al. 2004; Wu et al.
2004a, b; Cadotte et al. 2006). For a region where the
status and composition of invasive species are not
definite, establishment of a database of naturalized
species should be the first step toward approaching
local plant invasions.
Albeit that not every naturalized species will
become invasive, but all invasive species are natu-
ralized first. Naturalized species can therefore be
considered to be potential invaders for characterizing
the pattern of plant invasions. A naturalized species is
defined as an introduced (non-native, exotic) species,
that can consistently reproduce and sustain popula-
tions over many generations without (or despite)
direct intervention by humans (Richardson et al.
2000; Pysˇek et al. 2002).
Habitat characteristics, such as local biodiversity,
climate, and anthropogenic activities, as well as the
uses of plants, may have a bearing on successful
invasions and invasion patterns (Chytry´ et al. 2008;
Van der Wal et al. 2008). It has been shown that most
of successful, established, invasive species were
introduced intentionally as ornamentals, or for forage,
medicine, and other purposes (Mack and Erneberg
2002; Mack 2003), while unintentional introductions
usually occurred through contaminated fodder or crop
seeds, footwear, packing materials, and ballast (Kloot
1987). Although contributions from the local econ-
omy and from anthropogenic activities have been
studied, patterns of plant invasion along climatic
gradients have not been documented. In consideration
of the pools of species in different climate regions of
the world and the length of the growing season, the
intensity of plant invasions may vary in accordance
with local biodiversity and climates. Comparisons of
native and naturalized floras across different climate
zones will contribute to generate better understand-
ings of plant invasions.
International and domestic transportation, tourism,
and cargo shipments across borders have been
considered to be important vectors responsible for
species introduction and exchange (Jenkins 1996;
Williamson 1996; Shigesada and Kawasaki 1997;
Dalmazzone 2000; McNeely 2000). Regardless of
China’s importance in the world’s industrial capacity,
the improved economy has accelerated domestic
development of the public infrastructure, such as
railroads, airports, harbors, and highways (Ding et al.
2008). Although there have been warnings of expo-
nential growth in the invasions by alien species with
the booming economy (Ding et al. 2008; Weber and
Li 2008a, b), there is no evidence to back up such
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warnings. Since national statistical information is
well assembled and released to the public, the effects
of the local economy and anthropogenic activities on
the naturalized flora and patterns of plant invasion
can be readily assessed.
The main purpose of this study was to reveal
patterns of plant invasions in China by identifying
and analyzing the naturalized flora. This first list of
naturalized species in China will serve as a founda-
tion for future research on plant invasions. Based on
this compilation, several basic questions can be
addressed regarding naturalized alien species in
China: (1) Is there a taxonomic pattern? (2) Are
some life forms or habits overrepresented? (3) What
is the nativity of the naturalized plants? (4) What are
the modes of introduction? Furthermore, we also
approximated the effects of local biodiversity, cli-
mate and anthropogenic activity on plant invasions.
By understanding the patterns of plant naturalization
in China, the only missing piece of the puzzle on
plant invasions in eastern Asia, we hope to generate
insightful perspectives and information for further
regional studies.
Materials and methods
Catalogue of naturalized species
To compile a list of the naturalized flora, we
reviewed 270 national, regional, and local floras as
well as e-floras. Additionally, relevant articles in
Chinese and English journals published before Sep-
tember 2008 were reviewed as well. Among these
references, 172 books and numerous documents cited
the naturalized status of the species compiled in
Appendix. We employed the Flora of China as the
major source of naturalized status. Hundred of
volumes were therefore not listed as references. Each
species designated as naturalized, escaped or persis-
tent after cultivation, or invasive, was marked for
further examination. Species introduced or cultivated
without evidence of escaping were not considered.
Additional information, such as life form, habit, use,
and origin of these species, was carefully extracted
from these references. The distribution of each
species was presented by province, with the number
of provinces used to indicate degree of invasiveness.
Species mentioned in the literature as naturalized or
escaped without documenting specimens or without
further field evaluation were considered to be possi-
bly naturalized and are listed separately.
Analysis
Information on the species nativity, life form (con-
verted to Raunkiaer system (Mueller-Dombois and
Ellenberg 1974), habit, year of first available record,
mode or purposes of introduction, was used in the
analyses. The list was organized by family and
genera. The ratio of number of naturalized species per
family and genus in China to the total number of
species per family and genus worldwide (Mabberley
1997), excluding species of China, was used for
comparison. For the purpose of introduction, all uses
of a particular species were included. The total
percentage therefore exceeded one hundred. Species
without information on purpose of introduction were
treated as purpose unknown. Because information on
the native distribution of species provided in different
references was not consistent, we grouped species by
broad categories according to their biogeographical
origins, such as Africa, America, Asia, Europe, and
Eurasia (excl. southern Asia).
Parameters of local biodiversity, human activities
and climatic factors in China were obtained to
evaluate their effects on plant invasions. Number of
native species per provinces was obtained from China
biodiversity databases, and the numbers were divided
by logarithmic area of respective provinces as the
indicator of local biodiversity. Factors of human
activities, including demography (population size),
amount of freight movement (per 10 million tons/
kilometer), freight quantity (billion tons), total length
of transportation (kilometers), area used for transpor-
tation (km2), and international tourists (per million
people) were obtained from the official website
(http://www.stats.gov.cn) of the National Bureau of
Statistics of China. Climatic factors, such as annual
average temperature (C), annual lowest temperature
(C), annual highest temperature (C), and annual
average precipitation (mm), were collected from the
official website (http://www.cma.gov.cn) of the China
Meteorological Administration. Temperature differ-
ence (C) was calculated by subtracting the lowest
temperature from the highest temperature. To reveal
the relationships between trends in plant invasions and
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climate, a map of the climatic zones of China on the
official website of Ministry of Culture, P. R. China
(http://www1.chinaculture.org/index.html) was uti-
lized. Multiple regression analyses (SPSS 15 2006)
were applied to evaluate the relationships between
plant invasions and parameters of anthropogenic
effects and climatic factors in China. Collinearity
analysis and adjusted R2 were applied.
To characterize patterns of plant invasion across
the nation, two categories were employed, province
and region according to data availability. Data from
26 provinces were compiled to estimate plant inva-
sions at the province scale, the basic administrative
unit that usually has comprehensive background
information for analyses. However, in consideration
of data availability and regional development policy,
background information for six regions was collected
for further analyses as well. The six regions are:
North (Beijing, Tianjin, Hebei, Shanxi, and Nei
Mongol), Northeast (Liaoning, Jilin, and Heilongji-
ang), East (Shanghai, Jiangsu, Zhejiang, Anhui,
Fujian, Jiangxi, and Shandong), South Central
(southeast china; Henan, Hubei, Hunan, Guangdong,
Guangxi, and Hainan), Southwest (Chongqing, Sich-
uan, Guizhou, Yunnan, and Xizang), and Northwest
(Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang).
These regions are named by their locations in China
and are combinations of neighboring provinces that
have relatively similar environmental and economic
conditions. To standardize the incidences of plant
invasion for comparison, an index of number of
casual and naturalized species/log (area of a partic-
ular region in km2; Vitousek et al. 1997) was utilized.
Results
Documented naturalized species represent about 1%
of the flora of China: 420 species in 273 genera and
84 families (Table 1; Appendix). Among these spe-
cies, 84% are dicotyledons, 15% are monocotyle-
dons, and two species are ferns. Chamaephytes
represents 46.7% of the naturalized flora, followed
by therophytes (28.5%), phanerophytes (16%), hemi-
cryptophytes (6%), and cryptophytes (2.4%). Among
the families and genera of the naturalized flora, 10%
of the families are new to China, while 52% of the
genera are new to China. Twenty-one additional
species were categorized as status unknown (Appen-
dix (Electronic supplementary information)).
Asteraceae, Poaceae, and Fabaceae have many
more naturalized species than other families. Of the
remaining families (for example, Euphorbiaceae,
Amaranthaceae, Brassicaceae, and Convolvulaceae)
all have fewer than 20 naturalized species per
family (Fig. 1a). About 50% of the families con-
tribute only one species to the naturalized flora,
while 75% of the genera are represented by a single
naturalized species. Euphorbiaceae (2.4%) and Cact-
aceae (2%) have the largest percent of naturalized
species in China to the global number of species in
the family, followed by Caryophyllaceae (0.57%),
Convolvulaceae (0.54%), Agavaceae (0.5%), and
Amaranthaceae (0.45%; Fig. 1). Of these families
with higher ratios, the Amaranthaceae have the most
naturalized species (43), followed by the Euphorbi-
aceae (18) and Convolvulaceae (16), while Agava-
ceae has the fewest (8).
Table 1 Numerical
summary of the naturalized
flora in China
Numbers in parentheses
indicate families and genera
new to China, respectively
Pteridophyta Angiosperm Total
Dicotyledons Monocotyledons
Family 2 70(7) 12(1) 84(8)
Genus 2 223(117) 48(23) 273(140)
Species 2 355 65 420
Chamaephyte – 168 31 199
Cryptophyte – 6 4 10
Hemicryptophyte – 10 14 24
Phanerophyte – 65 1 66
Therophyte 104 15 117
2182 S.-H. Wu et al.
123
Oenothera (Onagraceae) has the most naturalized
species (10), followed by Amaranthus (Amaranthaceae)
(9), Euphorbia (Euphorbiaceae) (8), Crotalaria (Faba-
ceae) (7), and Senna (Fabaceae) (5) (Fig. 1b). Melilotus
has the largest percentage (20%) of naturalized species
in China compared with the global number of species in
this genus, followed by Cinchona (17%), Amaranthus
(15%), and Oenothera (8%). In addition to Oenothera
and Amaranthus, both of Melilotus and Cinchona have
more than five naturalized species in China.
About 11.4% of the naturalized species are
distributed nationwide (Table 2). The Asteraceae is
the dominant family, with 11 naturalized species
occurring in all provinces, followed by Fabaceae (6),
Amaranthaceae (5), and Poaceae (4).
Most of the naturalized species have had more
than one path of introduction, while the route of
introduction of only a small portion of the species is
unknown About 51% of the naturalized species were
introduced for medicinal purposes, followed by
Fig. 1 Taxonomic patterns
of naturalized plants in
China. a Top ten dominant
families according to
species number and ratio of
number of naturalized
species in China to global
number of species per
family. b Top ten dominant
genera according to species
number and ratio of number
of naturalized species in
China to global number of
species per genera
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ornamentals (41%), crops (34%), cultivation (18%),
and timbering (2%).
As for the origins of the naturalized species, the
Americas have been the largest contributors (58%),
followed by Europe (15%),Asia (12%), and Africa (9%).
Species from Eurasia, Australia, and those with a general
notion of origin represent only approximately 6% of the
naturalized flora in China. Tropical areas of the Amer-
icas, Asia, and Africa were especially important sources
(64%). Europe represents the single most important
donor of temperate species naturalized in China.
Local biodiversity, anthropogenic and climatic
factors are significantly correlated with the index of
invasion province-wide and region-wide (Fig. 2;
Table 3). The number of naturalized species was
significantly exponentially correlated to local biodi-
versity (Fig. 2). Total length of transportation, which
is positively significantly correlated to demography, is
the only factor significantly correlated to the index of
invasion region-wide. Annual highest temperature and
temperature difference are significantly correlated to
the index of invasion province-wide and region-wide.
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Setaria glauca (L.) P. Beauv.




Eichhornia crassipes (Mart.) Solms
Portulacaceae




Nicandra physaloides (L.) Gaertn.
Solanum pseudocapsicum L. var. diflorum
(Vell.) Bitter
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Discussion
In consideration of the size of the area and the native
flora, our intensive efforts only represented a rela-
tively small fraction of the plant invasions in China
(Table 1, Appendix; 420 naturalized species) com-
pared to other areas of the world (Mehrhoff 2000,
Enomoto 1999, Wu et al. submitted). The naturalized
flora may be as much as five times larger than that
compiled in this study according to tens-rules (Wil-
liamson and Fitter 1996) and previous estimations of
invasive species in China (Liu et al. 2006; Ding et al.
2008; Weber and Li 2008a, b). However, the
resolution is not able to be improved due to the
quality of taxonomical reports/documents. Although
the Flora of China has been comprehensively com-
piled and the e-flora of China has been under-
construction, naturalization status of introduce and
cultivated were hardly stated. The naturalized flora
may be seriously underestimated due to unclear
statements of naturalization status of cultivated/
introduced species. However, the general patterns of
plant invasions in China could still be accessed by
our study since the attentions of plant invasions seem
to be even across taxonomic groups and geographical
regions.
The composition of the dominant naturalized
families and genera implied partially their sizes
worldwide (Heywood 1989), and their climatic
properties. While naturalized species can be placed
in 84 families (Table 1), 45% of them are from only
three families, Asteraceae, Poaceae and Fabaceae
(Fig. 1a), the major contributors to the alien floras in
many regions of Asia (Wu et al. 2004a, b; Zerbe et al.
2004) and of the world (Pysˇek 1998). Nevertheless,
other important families of the naturalized flora
varied slightly in different regions of the world,
probably in response to differences of climate in a
particular area. Integrated with the fact that a
remarkable proportion of naturalized species origi-
nated in the tropics, plant invasions in China confirm
the assumption that species adapt better to new land
where the climate is similar to their homeland
(Corlett 1988, 1992). Convolvulaceae, Euphorbia-
ceae, and Amaranthaceae are considered to be
tropical or warm temperate families, and Brassica-
ceae and Caryophyllaceae are more adapted to cooler
climates, such as temperate China, due to similar
climates in their home range (Weber 1997; Vila` and
Mun˜oz 1999; Pysˇek et al. 2002; Rouget and Rich-
ardson 2003). Over representation of Cactaceae
species may be the case as well. The xeric environ-
ments, such as the extensive deserts in the North (Nei
Mongol), in the West (Xinjiang), and in dry, hot
valleys of the Southwest (Sichuan, Yunnan) provide
suitable habitats for Cactaceae. Based on the ratio of
Fig. 2 Regression and curve fitting analysis of naturalized
species number to the number of native species per log area.
Each point presented a province, and the shapes of data points
are designated according to their respective regions
Table 3 Multiple regression analysis of invasion index to
anthropogenic and climate factors in regional and provincial
scales
Predictor variable Regional Provincial
Beta P Beta P
Anthropogenic factorsa
Transportation distance 1.171* 0.023 – –
Log area -0.059 0.736 – –
Tourist -0.279 0.337 – –
Climate factorsb,c
Average temperature -0.918 0.102 -0.386 0.256
Highest temperature 0.453* 0.052 0.200 0.176
Precipitation 0.855 0.103 0.246 0.385
Temperature difference -0.838* 0.040 -0.902* 0.000
Beta represents the adjusted correlation coefficients.
(* P \ 0.05)
a Anthropogenic factors in regional scale: F(3,2) = 27.439,
P = 0.035, Adjusted R2 = 0.94)
b Climate factors in regional scale: (F(4,1) = 281.202,
P = 0.045, Adjusted R2 = 0.996)
c Climate factors in provincial scale: (F(4,25) = 12.59,
P = 0.000, Adjusted R2 = 0.651)
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naturalized species to global species per family, the
importance of Euphorbiaceae and Cactaceae
emerged. Each of these families has around 650–
750 species, but the over-representation of these two
families suggests that they are especially successful
in China (Rejma´nek et al. 1991) and deserve further
attention.
In contrast, the species numbers of the dominant
genera did not completely coincide with the size of
their world species pools or the importance of their
respective families in the naturalized flora in China.
Although Crotalaria and Euphorbia have hundreds
of species worldwide, Oenothera and Amaranthus are
only intermediate in size, with 124 and 60 species
respectively (Mabberley 1997). No particular pattern
was found between the worldwide size of the species
pool and the dominancy of naturalized genera.
Overrepresentation of Cinchona and Melilotus, how-
ever, may deserve deliberate investigation due to
their high values in the ratio of naturalized versus
global species number per genus.
The high percentage (84%) of newly naturalized
genera in the flora seems to support Darwin’s idea
that exotic floras are gaining disproportionately more
new genera than new species (Darwin 1859). The
idea is that species in exotic genera may be exposed
to less competition when they do not have to interact
with native congeners. This assumption is also
supported by the high percentage (52%) of genera
with only one naturalized species. A similar pattern is
not shown for naturalized families. Only 16% of the
families have less than five naturalized species, and
only 10% of the naturalized families are new to
China. Darwin’s hypothesis has also been supported
by data from California (Rejma´nek 1998), but not
from islands (Daehler 2001; Duncan and Williams
2002). However, we do not know whether this is
simply a result of random selection.
Life forms and habits of most naturalized species
coincided with the features of the families and genera
that have the most naturalized species (Table 1;
Fig. 1a, b). For example, Brassicaceae, Fabaceae,
Asteraceae and Poaceae are mainly composed of
therophytes, phanerophytes, chamaephytes, and
hemicryptophytes. The large number of perennial
species (phanerophytes, chamaephytes, and hemi-
cryptophytes) in China may be an indicator of serious
environmental impact in the future (Huang et al.
2009).
The remarkable percentage of naturalized species
with medicinal properties may be the result of
China’s long history of use of herbal medicines and
the definition of medicinal plants. In China, herbal
medicines have been used for thousand years, and the
application of herbal medicines is highly popular and
influential even today. Furthermore, almost every
plant can be used to improve or supplement human
health more or less according to ancient references
(Li 1578; Boym 1656). It appears that the proportion
of naturalized species with so-called medicinal prop-
erties may be magnified. Although medicinal species
are important to human society and have been
introduced in many places (Maheshwari and Paul
1975; Klemow et al. 2002), only a relatively small
proportion of them are naturalized or invasive (Austin
2000; Weber 2003).
The significant correlations between plant inva-
sions and local biodiversity as well as climates may
imply that suitable environment for growth is a key
factor determining the biodiversity of native and
naturalized floras (Figs. 2, 3). Mesic environment of
southern China accommodated most of native spe-
cies; however, the high biodiversity did not perform
as resistance to plant invasions in these areas.
Exponentially increased number of naturalized spe-
cies along native number per log area may be a result
of unfulfilled niches and habitat limitation. Distur-
bances may be responsible as well; however, further
information is not currently available for better
understandings. Close and significant relationship
between invasion index and climatic factors
(Table 2), such as annual average temperature,
annual lowest temperature, temperature difference,
and annual average precipitation, reinforces this
descending trend of plant invasion across climatic
zones, which symbolize available growth seasons and
conditions. This pattern is also very similar to that of
altitudinal gradients (Lingua et al. 2008; Mallen-
Cooper and Pickering 2008). Habitat limitation seems
to be responsible for the diversity of both of
naturalized and native species along horizontal
climatic gradients of temperature and precipitation.
Furthermore, the decrease in sizes of the global
species pool from the tropics to the Arctic/Antarctic
may indicate the decreasing number of species
available for introduction (Barthlott et al. 1996; Kier
et al. 2005). We do not, however, have an explanation
for why tropical American species were so copiously
2186 S.-H. Wu et al.
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represented, further studies are urgently needed for a
better understanding of plant invasions in China.
Although only few anthropogenic factors are
significantly correlated with the index of invasion,
the effects of the local economy on plant invasions are
indisputable (Table 3). Significant correlations of
total length of transportation, which was highly
correlated to demography, implies the population size
(data not shown) and moving efforts of plant invasions
in the regional scale (Gelbard and Belnap 2003; Liu
et al. 2005). It was a surprise quantity of freight, extent
of freight turnover, and number of international
tourists showed no contributions to plant invasions
in China. Perhaps latest data were not comprehensive
and our analysis did not reflect the impacts of the local
economy and development on plant introduction.
Nevertheless, with an increase in transportation length
facilitated by booming economy, the relationship with
plant invasions should be monitored to prevent further
impacts (Dong et al. 2008).
Although China’s naturalized flora is relatively
small, the proportion species occurring nation-wide
(11.4%) to the total number of naturalized species
coincides with the tens rule. Moreover, the taxonomic
and biogeographical patterns of plant invasions in
China are very similar to patterns in neighboring
regions (Corlett 1988; Enomoto 1999; Koh et al.
2000; Wu et al. 2003; Wu et al. 2004a, b). However,
the documentation of naturalized species, potential
invaders, and the status of introduced species, is still
far from sufficient. It is worrisome that knowledge
and study on naturalized species, invasive species,
and biological invasions is scanty in China. We
recommend that extra attention be paid to certain
plant families, such as Euphorbiaceae and Cactaceae,
while additional studies are required for a few critical
genera, such as Cinchona and Melilotus. In conclu-
sion, the above-mentioned close relationship between
climate and plant invasions may, furthermore, alert
people in the warmer parts of China that extreme care
should be given to introducing species.
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Fig. 3 Climatic zones and
intensity of plant invasions
in China. Black lines
indicate provincial
boundaries. Numbers are an
index of number of casual
and naturalized species/log
(area of a particular region
in km2; Vitousek et al.
1997) in each province.
Colors designate different
climatic zones across China
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